The literature concerning the adsorption and desorption of environmental impurities from adsorbents by means of liquid, subcritical and supercritical carbon dioxide and the author's work on the subject have been reviewed. The influence of the adsorption and desorption temperature, the pressure and the density of the extraction solvent, the solubility of the adsorbate in the extraction solvent, the activation energy for adsorbate desorption and the particle size of the adsorbent on the adsorbate desorption efficiency by this method were discussed.
INTRODUCTION
It is commonly known that gases fulfil the ideal gas laws only within narrow ranges of pressure, volume and temperature. At normal temperatures and under sufficiently high pressures, all gases condense to form a liquid phase. The excessive aspect of gas imperfection can be described by any cubic equation of state (Martin 1979; Haselow et al. 1986 ) which complies with the following stability condition: ( ¶P/ ¶V) T £ 0. Figure 1 presents the change in the pressure of carbon dioxide as a function of the molar volume and temperature. At higher temperatures, e.g. 323.15 K, the isotherms [which are P = f(V,T) functions] have a typical hyperbolic shape (cubic equations of state) as expected for an ideal gas. At 304.21 K, however, an inflection point [called the critical point (CP)] appears on the isotherm corresponding to ( ¶P/ ¶V) c = 0, ( ¶ 2 P/ ¶V 2 ) c = 0 and V c = 0.0957 dm 3 /mol. At this point (condition), differences between the gas (vapour) and liquid phases disappear. Isotherm profiles at temperatures below 304.21 K, e.g. 273.15 K, at lower pressures and relatively high volumes are almost similar to that expected for an ideal gas. At this temperature, when the unsaturated vapour pressure of a gas is increased its volume decreases approximately in accordance with the Boyle-Mariotte law (PV = const.). However, when the vapour pressure of a gas is at the saturated value, the gas slowly condenses into a liquid when point A on the horizontal dashed line corresponding to a temperature of 273.15 K (the 'drop line') is reached. As the saturated vapour is continually being converted into a liquid, the molar volume of the vapour decreases whereas its pressure remains constant at a given temperature. When the molar volume reaches point B on the drop line, all the vapour in the system has condensed into a liquid and any further increase in the pressure causes only a small further decrease in the volume.
If the pure unsaturated vapour is compressed very slowly, it may not begin to condense at point A and a so-called 'supersaturated' vapour is obtained. Similarly, if a pure liquid is subject to very slow isothermic decompression, it may not be possible to obtain a saturated vapour at point B. In this case, a so-called 'superheated' liquid is obtained. According to the van der Waals equation, this region corresponds to ( ¶P/ ¶V) T > 0, i.e. to a non-stable state.
The region below the drop line corresponds to the co-existence of the liquid and the saturated vapour. The region on the right-hand side of the diagram below the drop line and to the dotted line illustrating the changes in the cubic equation of state at the critical temperature corresponds to the existence of unsaturated vapour. The region above the dotted line corresponds to the sole existence of the gas, while the region on the left-hand side of the drop line and beyond the dotted line corresponds to the sole existence of liquid.
The physical state of a substance of fixed composition can be described by a phase diagram as shown in Figure 2 which depicts the pressure-temperature (PT) diagram for carbon dioxide. The figure contains three lines which correspond to the sublimation, melting and boiling processes. These lines also define the regions corresponding to the gas, liquid and solid states. Points along the lines (between the phases) define the equilibrium between the two phases concerned. The curve corresponding to the vapour pressure, i.e. boiling pressure, of the gas starts at the triple point (TP) and ends at the critical point (CP). The subcritical region for carbon dioxide is formed by the triangular region bounded by the melting curve, the boiling curve and the horizontal dashed line corresponding to the critical pressure. Subcritical liquid CO 2 exists from 216.58 K to 304.21 K and from 0.52 MPa to 7.38 MPa. The critical region has its origin at the critical point which allows us to define a supercritical fluid (SCF) as any substance (gas or liquid) whose temperature is above the critical temperature (T c ) and whose pressure is above the critical pressure (P c ). The critical temperature is therefore the highest temperature at which a gas can be converted into a liquid by an increase in pressure. The minimum pressure which would suffice to liquefy a substance at the critical temperature is the critical pressure. Above the critical pressure, increasing the temperature will not cause a fluid to vaporize to give a two-phase system (Smith 1993) . In the critical region, there is only one phase and it possesses some of the properties of both a gas and a liquid. Any substance in the supercritical state, also called the supercritical fluid (SCF), exists in the region between the lines corresponding to the critical pressure and the critical temperature.
The region below the critical temperature (T < 304.21 K), above the critical pressure (P > 7.38 MPa) and above the melting point (T > 216.58 K) corresponds to the liquid state of carbon dioxide. In this region and close to the critical pressure, carbon dioxide is characterized by a higher density in comparison to the densities which may be obtained for the same pressure but above the critical temperature. This is useful information because it indicates that it is not necessary to apply high pressures to obtain a suitable density for carbon dioxide when the latter is employed as an extraction solvent. Supercritical, subcritical and liquid CO 2 may all be used as solvents. In contrast to the subcritical fluid and liquid CO 2 , the solvating power of the supercritical fluid is highly dependent on both its temperature and pressure. Brogle (1982) and Taylor (1996) noted that at low pressure the solvating power of CO 2 decreases surprisingly with increasing temperature, whereas at high pressure the solvating power increases in a straightforward fashion. This anomaly arises because the density decreases dramatically with increasing temperature at low pressures, whereas at higher pressures the density is much less affected by changes in temperature. Thus, to a first approximation, the density (and not the pressure) is proportional to the solvating power of the supercritical fluid.
The following trends are based upon many solubility measurements in the region from ambient conditions up to 100 MPa and 373 K:
The solvating power of a supercritical fluid increases with density at a given temperature. The solvating power of a supercritical fluid increases with temperature at a given density.
The extraction of solutes from solid matrices takes place via four different mechanisms (Akgerman and Madras 1994 ):
1. If there are no interactions between the solute and the solid phase (an individual or a simple mixture), the process is simple dissolution of the solute in a suitable solvent which does not dissolve the solid matrix. 2. If there are interactions between the solid and the solute, then the extraction process is desorption in the presence of the solvent and the adsorption isotherm of the solute on the solid in the presence of the solvent determines the equilibrium. Most solid extraction processes, e.g. soil remediation, desorption of analytes from adsorbents (Wright et al. 1988 ) and activated carbon regeneration, fall into this category. 3. The third mechanism involves swelling of the solid phase or the destruction of the solid texture by the solvent accompanied by extraction of the entrapped solute through the first two mechanism mentioned above, such as occurs in the extraction of essential oils (Blatt and Ciola 1991) . 4. The fourth mechanism is reactive extraction, where the insoluble solute reacts with the solvent and the reaction products are soluble and hence extractable, e.g. the extraction of lignin from wood (Goto et al. 1990 ).
The most important aspect in supercritical extraction is that of solvent-solute interactions. Normally, interactions between the solid and the solute determine the ease of extraction, i.e. the extent of adsorption as reflected in the adsorption isotherm is determined by interactions between the adsorbent and the adsorbate (Akgerman and Madras 1994) .
Although the application of supercritical fluids for the extraction of solutes from solid matrices has been studied extensively, only a very few studies have concentrated on an understanding of the extraction process. Thus, in extraction from solid matrices, the adsorption equilibrium constant of the solute (the equilibrium distribution between the supercritical phase and the solid phase) determines the thermodynamic extent of the extraction process and dictates the feasibility of the process. Despite the numerous studies which have been undertaken on phase behaviour in supercritical solutions, unfortunately only a very few have reported on the adsorption isotherms (or the adsorption equilibrium constants) in supercritical systems.
The purpose of this review paper, therefore, is to provide a greater understanding of the dynamic extraction behaviour of different adsorbates from adsorbents by means of supercritical carbon dioxide. An understanding of the process requires a characterization of the adsorbent-SCF, adsorbent-adsorbate and adsorbate-SCF interactions. Such knowledge is important both for a fundamental understanding and for the design of environmental applications for SCF extraction such as the desorption of analytes from adsorbents and the regeneration of activated carbons. Activated carbon has been most often selected as the solid matrix because it is well defined and has uniform properties. Properties such as organic content, particle size, the pore structure of the precursor material and the specific surface area differ significantly between adsorbents which exhibit a poor porosity and the varying influences of these properties can interfere with the interpretation of the experimental data obtained. Thus, it can be very difficult to establish whether the observed behaviour is due to the adsorbent or to the desorption conditions employed.
ADSORPTION OF SUPERCRITICAL GASES ON TO POROUS ADSORBENTS
Many gases possess critical temperatures close to room temperature. Examples include CO 2 , N 2 O, Xe, SF 6 , CH 4 and C 2 H 4 (Kaneko and Murata 1997) . The adsorption of such supercritical gases has been very much associated with gas separation, gas storage, catalysis, supercritical drying, the supercritical extraction of analytes, the regeneration of adsorbents, etc. (Robak et al. 1997) . Hence, these gases are quite important from the practical and fundamental points of view, with advanced technology requiring progress in a knowledge of the adsorption science of supercritical gases.
Supercritical fluids adsorb on to carbon and non-carbon adsorbents and even on to porous polymers, thereby altering both the chemical and physical properties of these materials. The measurement and interpretation of the equilibrium isotherms for SCF-adsorbent systems provide a more accurate and thermodynamically valid method for investigating the phase distribution equilibria involved. Findenegg and co-workers (Blumel et al. 1982; Findenegg 1984; Findenegg and Loring 1984) used classical volumetric and gravimetric methods for measuring the high-pressure adsorption isotherms for propane, krypton and ethylene on graphitized carbon black. In contrast, Hori and Kobayashi (1971) used radioactive tracer pulse chromatography for measuring the sub-and super-critical adsorption of methane on Porasil, and gravimetric methods for measuring the adsorption of methane on silica gel. They observed isotherms similar to those reported by Findenegg and co-workers. Finally, Parcher and co-workers (Strubinger and Parcher 1989; Parcher and Strubinger 1989) applied mass spectrometric tracer pulse chromatography for measuring the adsorption of carbon dioxide on silica and chemically bonded silicas over a wide range of sub-and super-critical temperatures and pressures.
Several common factors were observed in all these studies of SCF-solid systems. Thus, at low pressures, the isotherms exhibited normal Langmuir-type adsorption with the expected gas ® liquid phase transition occurring at subcritical temperatures as the pressure was increased towards the saturated vapour pressure of the mobile phase. At supercritical temperatures, the isotherms displayed distinct maxima for the amount of material adsorbed at pressures near the critical point, with the amount of material adsorbed decreasing with increasing pressure at higher pressures. In addition, the amount of material adsorbed increased as the temperature increased when a fixed pressure was maintained in the supercritical region.
Other investigators have studied SCF-polymer systems, in particular the effects of SCF temperature and pressure on the swelling factor of crosslinked polymers.
Since supercritical gases have no concept of a saturated vapour pressure, they cannot be adsorbed on a flat surface or in macropores or even mesopores via physical adsorption. However, the adsorption of vapours in micropores, i.e. micropore filling, is enhanced in the very low pressure region as a result of the overlap between the molecule and pore-wall interactions. For this reason, the deep potential well of the micropore can give rise to the adsorption of even supercritical gases to some extent. Nevertheless, the amount of supercritical gas adsorbed under these circumstances is still small, being limited to much less than the micropore volume since the potential barrier for intrapore diffusion is greater than the thermal energy in a narrow micropore. Strongly adsorbed molecules of the supercritical gas situated near the micropore entrance can block further adsorption. For this reason, supercritical gases do not undergo predominantly micropore filling. Indeed, in the case of micropore filling by vapour, the potential well of micropores of width greater than a three-layer molecular size thickness is sufficiently deep to allow filling by vapour molecules in the low pressure region without any obstacle to intrapore diffusion. This is inconvenient because it hinders micropore penetration by SCF, thereby preventing contact with adsorbate molecules which may be extracted from the micropore interior. This may have a significant influence on the removal efficiency of such molecules adsorbed in micropores.
APPLICATIONS OF LIQUID, SUBCRITICAL AND SUPERCRITICAL CO 2 AS EXTRACTION SOLVENTS
A significant fraction of manufactured activated carbon is utilized as an adsorbent for gas and liquid phase adsorption in various branches of industry. Several main areas of application of activated carbons (usually in a granulated form) may be specified for the adsorption of gases, e.g. the removal of substances hazardous to humans and their environment from industrial gases, the separation of gaseous mixtures and the purification of process gases from undesirable pollutants prior to use. Adsorption on to activated carbons from the liquid phase has found applications in the food industry and in wastewater treatment and water technologies. In each case, the function of the activated carbons has been the removal of unwanted components from solutions, resulting in a significant improvement (purification) of the main dissolved component.
Although, in practice, it is not possible to predict accurately which adsorbate will be adsorbed by a given activated carbon, it is possible to postulate certain mechanisms. Generally, hydrophobic or non-polar molecules are attracted to hydrophobic surfaces while hydrophilic or polar molecules are attracted to hydrophilic or polar surfaces.
The regeneration of an activated carbon involves removing the adsorbed substance(s) from its surface and restoring, as far as possible, its initial adsorptive properties. In industrial practice, this is either associated with the recovery of valuable materials adsorbed on the carbon surface or the use of the same adsorbent many times for removing noxious substances. The regenerated activated carbon should therefore fully recover its initial adsorptive capacity or very nearly so.
The various regeneration techniques employed for activated carbons which have been developed over the past 150 years can be classified into the following six groups: thermal, chemical (based on solvent extraction and wet oxidation), gaseous, vacuum, electrical, electrochemical and biological (Jankowska et al. 1991) . The regeneration of activated carbons through the use of supercritical CO 2 has received widespread attention over the past few years. Selected examples of the regeneration of activated carbons by means of liquid and supercritical CO 2 are given in Table 1 . Taking into account the information associated with the authors listed in this table and in other articles discussed below, DeFilippi, Modell and Picht and their co-workers were the first to apply supercritical CO 2 for the regeneration of activated carbons with adsorbed organic compounds (Modell et al. 1979; DeFilippi et al. 1980; Picht et al. 1982) . DeFilippi et al. (1980) investigated the adsorption and desorption of different pesticides [trifluralin, i.e. a,a,a-trifluoro-2,6-dinitro-N,N-dipropyl-p-toluidine; diazinon, i.e. O,O-diethyl-O-2-isopropyl-6-methylopyrimidin-4-yl phosphorothioate; alachlor, i.e. 2-chloro-2¢,6¢-diethyl-N-methoxymethylacetanilide; atrazine, i.e. 6-chloro-N 2 -ethyl-N 4 -isopropyl-1,3,5-triazine-2,4-diamine; carbaryl, i.e. 1-naphthylomethylcarbamate; and pentachlorophenol (Worthing and Hance 1991) ], phenol and acetic acid on different activated carbons, and the carbonaceous resinous adsorbent Ambersorb XE-348 in supercritical CO 2 . The adsorption properties of Ambersorb XE-348 are quite similar to those of activated carbons, with this adsorbent being effective in the removal of more polar organics such as phenol. These studies were directed towards an evaluation of the regeneration of adsorbents used in the cleaning of wastewaters emanating from pesticide manufacturing plants. Phenol is a raw material used in the production of some of the pesticides listed above and hence could be found in pesticide plant wastewaters (Zogorski and Faust 1980) .
Of the pesticides mentioned, alachlor, i.e. a substituted acetanilide, has been studied most thoroughly because it exhibited the best regeneration behaviour. The desorption experiments involved passing pure supercritical CO 2 through a bed of alachlor-loaded activated carbon and monitoring the column effluent using a UV detector to provide continuous concentration measurements. A series of alachlor adsorption curves is shown in Figure 3 . The area above the adsorption breakthrough curve and below the line corresponding to the feed concentration is a measure of the capacity of the activated carbon for the pesticide. Curve 1 represents the adsorption breakthrough measured on fresh activated carbon, curve 2 is the adsorption breakthrough determined after regeneration of the activated carbon with supercritical CO 2 , and so on. It will be seen from the figure that the 'first-cycle' capacity of the activated carbon for alachlor was greater than the subsequent-cycle capacities. Curves 2 to 7 are essentially superimposed, indicating that a steady-state adsorption capacity was attained with supercritical CO 2 regeneration.
During these measurements, the alachlor-spent activated carbon regenerated with supercritical CO 2 maintained a stable working capacity for 31 adsorption/desorption cycles, whereas the lowtemperature regeneration of Filtrasorb 400 activated carbon (at 723 K in a nitrogen atmosphere) reduced its adsorptive capacity by 5-7% per cycle (Amicarelli et al. 1980) . Despite the high number of repetitive adsorption/regeneration cycles with supercritical CO 2 , the activated carbon retained a consistently higher adsorption capacity than the corresponding carbon regenerated by steam, but only for some adsorbates (DeFilippi et al. 1980) . In other words, after an initial capacity decrease from the value for the fresh adsorbent, it was possible to achieve a constant working capacity. Moreover, the regenerated adsorbent continued to demonstrate a capability for achieving a very low effluent concentration from the adsorbent bed until the breakthrough time.
Some of the other pesticides studied were not so readily removed by treatment with supercritical CO 2 . Thus, the compounds diazinon, pentachlorophenol and carbaryl exhibited extremely strong adsorption strengths which made the activated carbon incapable of regeneration. As a result, the adsorptive capacity of the carbon fell to almost zero after two or three cycles. The decreases in capacity of the activated carbon for the various adsorbates tested by DeFilippi et al. (1980) , except for the weakly bound acetic acid, are summarized in Table 2 .
The cyclic adsorption/regeneration data obtained by Kander and Paulaitis (1983) at 309 K showed that the capacity of activated carbon for phenol decreased substantially after the first regeneration but did not change appreciably after further adsorption/regeneration cycles. Tan and Liou (1989a) compared the subsequent adsorptive capacities for benzene and toluene with the amounts desorbed in a previous desorption experiment. The agreement was satisfactory with a deviation of less than 3.0%. The adsorptive capacities of regenerated carbon towards benzene and toluene after many subsequent cycles were still close to those of the virgin carbon and remained stable.
It is well known that the heat of adsorption varies with coverage of the activated carbon surface with adsorbate. At low coverages the heat of adsorption of an adsorbate is very high (approaching the value for chemisorption), whilst at high loadings the heat of adsorption decreases in value (Witkiewicz et al. 1991) . The heat of adsorption may be related to the strong sorption forces existing between the very active adsorbent sites and the adsorbate. The most active sites are those which are used first, but as they become depleted the adsorption forces decrease to levels which are typical of those for physical adsorption. Thus, it may be concluded that 'some' sites on the surface of the activated carbon are easier to regenerate than others. The ability to achieve a constant but lower adsorption capacity, as shown in Figure 3 , is probably an example of such relative forces but it also represents the ability of supercritical CO 2 to remove the less strongly held adsorbate molecules. The first regeneration cycle probably removes only those molecules which are held by weaker physical adsorption. Subsequent adsorption/regeneration cycles probably only operate on the available low-energy sites, leaving chemisorbed molecules still attached to the carbon surface. Klein (1976) has designated the process of removing irreversibly bound adsorbate from the surface as re-activation. Normally, re-activation is involved when chemical reactions occur during adsorption and compounds of low volatility are formed which cannot be removed from the surface by regeneration. Such non-volatile compounds strongly bonded to the surface of an activated carbon produce a significant lowering in its adsorption efficiency and their removal requires processes akin to those of activation -hence the term re-activation. It should be noted, however, that in many cases the boundary between regeneration and re-activation is somewhat vague. Although such specific interactions between activated carbons and pesticides leading to a decline in the adsorption capacity have not been reported in the literature to date, differences in the solubility of neat pesticides in carbon dioxide do not provide the only explanation for regeneration difficulties. Thus, the solubility of diazinon in CO 2 is five-times that of alachlor, yet diazinon-spent activated carbon cannot be regenerated. This observation confirms earlier remarks that the solubility of a chemical compound in SCF is not the only parameter having a decisive influence on supercritical efficiency. Regardless of the mechanism of adsorbate bonding on an adsorbent surface, the build-up of irreversibly adsorbed compounds such as carbaryl and diazinon, which cannot be removed by supercritical CO 2 , limits the applicability of the supercritical process. Picht et al. (1982) investigated the adsorption of acetic acid, phenol and alachlor from supercritical CO 2 and their desorption from granulated activated carbon, i.e. Filtrasorb 300 (F-300), two carbonaceous resinous adsorbents (Ambersorb XE-340 and Ambersorb XE-348) and two polymeric resinous adsorbents (Amberlite XAD-4 and Duolite ES-865), using supercritical CO 2 . The carbonaceous adsorbent Ambersorb XE-340 is hydrophobic in nature and is especially suited for the removal of low molecular weight halogenated hydrocarbons from water. Amberlite XAD-4 and Duolite ES-865 are useful for the adsorption from aqueous solution of organic molecules having hydrophobic groups. It was found that the loading of acetic acid on the polymeric resinous adsorbents was very low, although that on Ambersorb XE-348 was higher than on F-300 activated carbon. Desorption of acetic acid from XE-348 and F-300 was rapid and complete. These data suggest that Ambersorb XE-348 may be a viable alternative to F-300. Phenol was fully desorbed from XAD-4 with very low extractant consumption, and desorption efficiencies for phenol of 98% and 83% were observed from the polymeric adsorbent ES-865 and from the carbonaceous adsorbent XE-340, respectively. Similarly, the phenol desorption efficiency from XE-348 was 53% and 62% for desorption from the granulated activated carbon but with a very high consumption of supercritical CO 2 . Alachlor, which is a substance of low polarity in comparison to acetic acid and phenol, was desorbed at a 98-99% level from XAD-4 and ES-865 and at a 79% level from XE-340. Efficiencies of 32% and 27% were observed for the desorption of alachlor from XE-348 and F-300, respectively. Kander and Paulaitis (1983) have measured the equilibrium loading for phenol on to the activated carbon Amoco GX-31 from dilute aqueous and supercritical CO 2 solutions over a range of phenol concentrations at different temperatures and different pressures. Preliminary experiments were also conducted using pure supercritical CO 2 in order to determine the amount of adsorbed CO 2 present on the activated carbon surface when measuring carbon loadings. No significant increase in the weight of the carbon bed could be measured after depressurizing the system at the end of each experiment. Repeated weighings at later times also showed no measurable changes in sample weight. The carbon loadings increased with increasing phenol concentration in both the aqueous phase and the SCF phase, and with decreasing temperature at fixed phenol concentration in the aqueous or SCF phase at a fixed density.
From a thermodynamic viewpoint, adsorption equilibrium between an aqueous and an SCF phase and a solid surface is governed by the resulting free energy change which is a function of both enthalpic and entropic effects. The intermolecular forces and energies involved in the above adsorption systems are summarized in Table 3 . Adsorption from aqueous solutions of polar compounds involves ionic forces, dipole interactions and hydrogen bonding, all of which are strong adsorptive forces. The highly polar aqueous environment de-activates the polar adsorption sites on the adsorbent surface, leaving weak hydrophobic interactions (entropic mechanism) and van der Waals interactions as the only mechanisms for adsorption. Non-ionic and non-polar species interact primarily with solid organic matter.
In a non-aqueous, non-polar system such as that provided by supercritical CO 2 solutions, the relative importance of ionic forces diminishes, with non-polar compounds being incapable of chargedipole or dipole-dipole interactions. In the absence of overwhelming competition for the polar sites by water, hydrogen bonding and charge-induced dipole (a non-specific, van der Waals type of mechanism) provide the important adsorptive forces for species with substituted aromatic rings. The delocalized p-electrons in the ring are polarizable and these forms provide the basis for the interaction of aromatic species with polar sites. Hydrogen bonding is the primary mechanism involved in the adsorption of organic compounds on to activated silica gels from non-polar solutions, and this would be expected to be one of the dominant polar mechanisms for adsorption on to adsorbents from SCFs. Aromatic rings are hydrogen-bond acceptors, although weak in comparison to water and aliphatic alcohols. On adsorbents, the expected hydrogen-bond sites are surface -OH groups, -OH from crystal edges or defects, -OH groups on humic acids, bound water molecules, and water molecules hydrating exchangable cations adsorbed or present in mineral impurities associated with the adsorbent (Grajek 1999) . Surface hydroxy groups and hydration water would be unaffected by drying the adsorbent at 383 K.
In addition to polar interactions with components of the adsorbent surface, non-polar species will also interact with the non-polar components of neutral organic matter. Aromatic-aromatic binding occurs through London dispersive polarization of p-electrons (a non-specific van der Waals force). However, since CO 2 is a small molecule with extremely low polarizability, it is not a significant competitor in these types of interactions. During studies of the regeneration of the activated carbon WSIV with supercritical CO 2 , Tan and Liou (1989a) noted that the efficiencies for the desorption of both benzene and toluene decreased with temperature at a fixed pressure. However, when the regeneration pressures were increased, the situation changed and an optimal regeneration temperature was obtained for both adsorbates. This trend was also observed for single-solute systems. This means that, as far as the benzene and toluene system is concerned, the existence of a second compound loaded on activated carbon has no influence on the desorption of the first compound. Tan and Liou tried to explain the existence of an optimal operating temperature in terms of the density and viscosity of the fluid. If the concentrations of benzene and toluene in supercritical CO 2 are quite small, then the density and viscosity of the supercritical mixture could be regarded as being the same as those for pure CO 2 . The density effect appeared to be more important at lower operating pressures and hence the optimal regeneration condition was at the lowest temperature. At higher operating pressures, it appeared that the viscosity effect was also important in addition to density. Hence, the optimal temperature existed somewhere in the supercritical region (see Figure 2 ). Madras et al. (1993) determined the adsorption isotherms of naphthalene, phenanthrene, hexachlorobenzene and pentachlorophenol on activated carbon from supercritical CO 2 at 308 K and 318 K and at pressures of ca. 10 MPa using an experimental technique based on frontal analysis chromatography. Their results indicated that the adsorption capacity of activated carbon is more or less independent of the adsorbate adsorbed from the supercritical phase. This is an interesting result considering the relatively wide range of organic compounds investigated. The amounts of naphthalene, phenanthrene, hexachlorobenzene and pentachlorophenol adsorbed on activated carbon at 318 K corresponded to 70%, 74%, 35% and 56%, respectively, of monomolecular layer coverage. All these data indicate less than monolayer coverage but with such coverage approaching a monolayer in the limit. The amounts of adsorbates desorbed calculated for mass balance from the integration data for the desorption profiles of these adsorbates from activated carbon were ca. 75%, indicating strong adsorption on the carbon surface. The shapes of the desorption profiles suggested that these adsorbates would be completely desorbed from carbon provided that a sufficiently long period of time was employed. Thus, the amount of CO 2 required to completely desorb the adsorbates from carbon was significantly larger than that predicted by the solubility of the compounds in supercritical CO 2 .
Changes in the micropore structure of different activated carbon samples (V -virgin, ADash-discharged and O -oxidized) both before adsorption and after desorption of t-butylbenzene with supercritical CO 2 have been described Grajek et al. 1998 ). These changes were characterized in terms of the limiting volume of the adsorption space, W 0 , i.e. the micropore volume (a parameter in the Dubinin-Radushkevich equation). On the basis of the values of W 0 for unloaded and loaded samples, it was found that the V and O carbons were capable of regeneration to an extent of ca. 80% while the corresponding figure for the AD sample was 60%.
The key to designing large-scale supercritical desorption processes is an understanding of how the desorption process is influenced by variables such as pressure, temperature and extraction solvent flow rate. Macnaughton and Foster (1995) have investigated the influence of these variables on the desorption behaviour of DDT [1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane], i.e. the pp¢-DDT isomer which was separated from the more volatile op¢-DDT isomer, from Filtrasorb 400 (F-400) activated carbon using supercritical CO 2 . The isotherms determined for DDT at 313.1 K and 318.1 K were steep initially with the loadings increasing very rapidly with concentration, but as the concentration approached saturation the isotherms flattened out with loading to show only a slight dependence on the concentration. The measured adsorption isotherms were correlated using both the Langmuir and Freundlich equations. Both equations described the general shape of the experimental data quite well, but the Freundlich isotherm provided a superior fit. Previous supercritical adsorption studies have found that both the Langmuir (Tan and Liou 1990) and the Freundlich (Madras et al. 1993 ) isotherm models were capable of describing the supercritical adsorption results. Kander and Paulaitis (1983) and Tomasko et al. (1993) have applied the Toth isotherm for the description of the loadings of phenol and 2-chlorophenol, respectively, adsorbed from supercritical CO 2 on to activated carbons.
It was found that the temperature dependence of the adsorption isotherms was very weak although, as indicated by theoretical considerations, an isochoric temperature increase would result in a decrease in the adsorbent loading due to the increased affinity between the DDT and supercritical CO 2 . Previous studies undertaken by Tan and Liou (1990) indicated that this was indeed the case, with the isotherms exhibiting a slight decrease in loading as the temperature increased.
The most important information that could be derived from the measured isotherms of DDT was related to their general shape. It was found that the isotherm shape was generally favourable towards adsorption and consequently unfavourable towards the desorption process. As a result, the overall desorption efficiency for these systems was poor. The highest fraction of DDT desorbed was only 60%, which would be unsatisfactory from both the viewpoint of analyte desorption from adsorbents and applications for the regeneration of activated carbon. The fraction of DDT desorbed was comparable with that achieved by DeFilippi et al. (1980) for carbaryl and diazinon desorbed from activated carbons, by Picht et al. (1982) for alachlor desorbed from XE-348 and F-300, and by Brady et al. (1987) for DDT desorbed from DDT-contaminated soils (poor porous adsorbent). The strong affinity of DDT for F-400 renders this adsorbent incapable of regeneration, in a similar manner to the situation with carbaryl, diazinon and pentachlorophenol (DeFilippi et al. 1980) .
The regeneration efficiency of DDT-spent F-400 increased with an isochoric increase in temperature. This was brought about by the increased affinity of DDT for the supercritical phase as the temperature increased isochorically. This trend was correlated with the solubility behaviour of DDT in supercritical CO 2 with increasing isochoric temperature (Macnaughton and Foster 1994) . A similar dependency was found to exist between the fraction of DDT desorbed under isothermal conditions and the density of supercritical CO 2 . The increase in the amount of DDT desorbed when the density of supercritical CO 2 increased under isothermal conditions was attributed to the greater solvating power of CO 2 which led to more rapid desorption.
Earlier workers had concluded that solubility limitations did not have a decisive influence on supercritical desorption, with the shape of the adsorption isotherm having the most dominant influence on the desorption process (Kander and Paulaitis 1983; McHugh and Krukonis 1986; Madras et al. 1993) . For this reason, Macnaughton and Foster (1995) extensively investigated the relationship between desorption and equilibrium solubility. For comparative purposes, the fraction of DDT desorbed after 6 mol of supercritical CO 2 had passed through the bed was selected as a potential measure of the desorption behaviour and this fraction was plotted as a function of the solubility of DDT relative to the desorption temperature and pressure. Such a plot suggested that a relationship existed between the fraction of DDT desorbed and the equilibrium DDT solubility under the desorption conditions employed.
To achieve higher desorption efficiencies, the solubility of DDT under the extraction conditions needs to be increased. An increase in temperature (above 333.1 K) and/or pressure (above 19.7 MPa) was unlikely to be sufficient for achieving proper extraction conditions. An alternative method of increasing the solubility would be through the addition of a polar cosolvent (Bott 1982; Ekart et al. 1993 ) or a reactive one (Hills and Hill 1993) to supercritical CO 2 . Dooley et al. (1987) found that the addition of methanol to supercritical CO 2 significantly enhanced the fraction of DDT desorbed from soils, but Tomasko et al. (1993) noted that the weight of activated carbon actually increased when methanol was used as a cosolvent during the desorption of 2-chlorophenol with supercritical CO 2 .
Hills and Hill desorbed polycyclic aromatic hydrocarbons (PAHs: phenanthrene, fluoranthrene, pyrene and chrysene) from two reference materials, i.e. standard reference material 1649 (urban dust, obtained from the National Institute of Standards and Technology) and standard reference material HS-3 (marine sediment, obtained from the National Research Council of Canada), using supercritical CO 2 . They found that extraction with the addition of a reactive modifier (hexamethyldisilane and trimethylchlorosilane as a 2:1 mixture) was ca. six-times more efficient than the use of supercritical CO 2 alone and about two-times more efficient than supercritical CO 2 modified with 10% methanol. Madras et al. (1993) applied supercritical CO 2 without any modifier for the desorption of naphthalene, phenanthrene, hexachlorobenzene and pentachlorophenol from the activated carbon they studied (produced by Sigma Chemical Co.). Wright et al. (1988) adsorbed 50 ppm samples of chrysene, benzanthrone, 1-nitropyrene, dibenzocarbazole and coronene on activated carbon and subjected 1 g of each sample to Soxhlet extraction with carbon disulphide for 16 h, followed by a second similar extraction using methylene chloride. Other parts of the samples were extracted with supercritical CO 2 at 398 K and 40 MPa for 1 h. No detectable levels of the adsorbed compounds were noted in the combined Soxhlet extracts, but on extraction with supercritical CO 2 the following efficiencies were achieved: chrysene -1%; benzanthrone -6%; 1-nitropyrene -10%; dibenzocarbazole -10%; and coronene -0.2%. Although only low levels of the compounds studied were recovered from the samples of activated carbon, this example illustrates the potential of SCF extraction with CO 2 as a means of extracting low-level adsorbate from highly adsorptive matrices.
It is well known that the extent of adsorption is determined by the properties of the adsorbent and the adsorbate. The adsorbate must often compete for adsorption sites with other components of the solution, predominantly with water. Tomasko et al. (1993) found that the regeneration efficiency of toluene-spent activated carbon was 96% in the absence of water but 85% in the presence of water, although the initial rates of desorption (as indicated by the slope of the desorption profile) were similar in both cases. Apparently water has a shielding effect for low concentrations of toluene, although for the case of 2-chlorophenol the reverse appeared to be true since efficiencies of 85% and 89% were observed in this case under similar conditions. Supercritical CO 2 has been employed in most cases for supercritical regeneration. However, the desorption of solutes from adsorbents can also be successfully achieved by the use of subcritical and liquid CO 2 . Thus, the processes of regeneration of activated carbon and zeolite spent with butyl acetate and xylenes using liquid and supercritical CO 2 were investigated by Vallee and Barth (1997) and Majewski et al. (1997) investigated the regeneration of an activated carbon bed (Acticarbone AC40), an activated carbon ceramic cartridge and zeolite (Wessolith Day) spent with different organic solvents using liquid, subcritical and supercritical CO 2 . No significant differences were found for regeneration conducted with these various extraction solvents. As found in earlier work, the adsorbent capacities diminished after the first adsorption/desorption cycle, but then stabilized and were virtually constant for a significant number of subsequent cycles. The loss of adsorptive capacity was greater for the zeolite relative to the activated carbon for the same number of regeneration cycles. However, the use of liquid and/or subcritical CO 2 was much cheaper (Majewski et al. 1997) .
No information is available regarding the weight loss of activated carbon during the supercritical regeneration process. Some authors have stated tersely that the loss in weight of the adsorbent was lower in comparison to that observed during thermal regeneration (Madras et al. 1993 ). Smithson (1980) suggested that the losses in weight of activated carbon during thermal regeneration at 811 K and oxygen levels of 10-19% are due primarily to the evaporation of moisture (ca. 4%), volatilization and combustion of the adsorbed organic components, and to the combustion of only a relatively small portion (ca. 2%) of the powdered adsorbent.
INFLUENCE OF TEMPERATURE ON THE EFFICIENCY OF THE SUPERCRITICAL FLUID REGENERATION OF ACTIVATED CARBONS
During the desorption of ethyl acetate from activated carbon using supercritical CO 2 , Tan and Liou (1988) noted that the regeneration efficiency decreased with temperature at a fixed pressure. A high efficiency was achieved in the liquid state of CO 2 (8.8 MPa, 300 K -see Figure 2 ) rather than in the supercritical region. However, when the regeneration pressure was increased to 13.1 MPa, more efficient regeneration was achieved in the supercritical region instead of in the liquid-state region. Similar results were achieved by Srinivasan et al. (1990) employing a regeneration pressure of 16.3 MPa. These results suggest that, at some pressures higher than 13.1 MPa (Tan and Liou 1988) or 16.3 MPa (Srinivasan et al. 1990) , the amount of ethyl acetate desorbed will increase with increasing temperature. This unconventional phenomenon is analogous to that of the solubility in a supercritical fluid (Taylor 1996) where the solubility decreased with increasing temperature at low supercritical pressures in the supercritical region. This solubility behaviour was less apparent at higher pressures and conventional solubility behaviour was resumed at high supercritical pressures. Such retrograde behaviour (cross-over effect) was previously observed for a variety of solutes in supercritical solvents and considered theoretically by Chimowitz and co-workers (Chimowitz and Pennisi 1986; Chimowitz et al. 1988) . It is interesting to note that the retrograde behaviour of adsorbate solubility in supercritical CO 2 is similar to the observed dependence of desorption on temperature. Hence, the cross-over regions must be defined as pressure-temperature regions where the solubility of one solute increases while that of the other decreases with a change in temperature at constant pressure.
As stated above, the heat of adsorption of an adsorbate varies with the coverage of the adsorbent surface with adsorbate. The heat of adsorption is very high at low coverages, whilst at higher coverages it decreases. When the adsorption coefficient is high and the coverage is equal to unity (q = 1) in the temperature range considered, then the desorption rate constant, k, increases with increasing temperature.
If the desorption rate constant follows the Arrhenius law, the following linear relationship must apply:
The value of the standard molar heat of adsorption, DH a , can be calculated from the van't Hoff isochore when the value of the equilibrium adsorption coefficient is low (b @ 0) and the coverage is approximately zero (q @ 0).
DH a ln b = ln k C -----
(2) RT The value of the apparent heat of adsorption can be calculated from the following dependence:
The adsorption process is always exothermic, the value of DH a is less than zero from the viewpoint of the adsorption system, whereas the values of -DH a are always greater than zero. The values of b should be calculated from the equilibrium loading of adsorbent at the saturated solubility of the adsorbate at each measurement temperature. Macnaughton and Foster (1995) calculated the values of b from the ratio of the DDT concentration on the adsorbent to the concentration in supercritical CO 2 . The adsorption equilibrium coefficients as well as the calculated heat of adsorption apply under saturated DDT concentrations. The achieved heat of adsorption was found to be 31.4 kJ/mol over the applied measurement temperature range of 313.1-333.1 K. This value compared favourably with previous estimates which ranged from 18.7 kJ/mol to 32.3 kJ/mol for the supercritical adsorption of naphthalene, phenanthrene, hexachlorobenzene and pentachlorophenol on to activated carbon (Madras et al. 1993) . Tan and Liou (1989c) determined the apparent activation energy for desorption, E des , for toluene desorbed from activated carbon at different supercritical CO 2 densities, r. These authors proposed the relationship:
The E des values decreased with increasing supercritical CO 2 density. The same authors calculated the activation energy for the desorption of ethyl acetate from the slope of the plot of ln K versus 1/T (Tan and Liou 1988) . Recasens et al. (1989) used the experimental data of Tan and Liou (1988) for investigating the effect of temperature on the fractions of ethyl acetate desorbed. They obtained an approximate value for the heat of adsorption of ca. 50 kJ/mol based upon concentration values of b at pressures less than 8.8 MPa. At higher supercritical pressure (13.1 MPa), the results obtained by Tan and Liou exhibited little change for temperature changes in the range 300 K to 328 K. Hence, the values of b were nearly constant and varied from 3.0 to 3.3.
INFLUENCE OF FLOW RATE OF THE SUPERCRITICAL SOLVENT AND THE PARTICLE SIZE OF THE ADSORBENT ON THE REGENERATION EFFICIENCY
Many experiments have been undertaken to investigate the influence of the flow rate of supercritical CO 2 on the desorption behaviour at a fixed supercritical CO 2 pressure (density) and temperature. The data achieved indicate that a decreased flow rate led to slower desorption but not with respect to dimensionless time. Similar results were reported previously (Tan and Liou 1988, 1989a; Srinivasan et al. 1990 ). This behaviour was attributed to the significant resistance of an external film at low flow rates which effectively reduced the rate at which the adsorbate can enter the bulk flowing liquid and hence be removed from the adsorbent bed. Macnaughton and Foster (1995) have plotted the fraction of DDT desorbed in relation to the flow rate as a function of the total number of moles of CO 2 passing through the adsorbent bed. The curves for the lowest flow rate [0.145, 0.241 and 0.338 standard litres per minute (SLPM)] superimposed, a result which was not fully predicted by the external film resistance explanation so that another mechanism may also influence the desorption efficiency. When the average carbon loadings corresponding to the flow rate data were plotted as a function of the DDT concentration in the effluent, the dependency obtained was an approximation (made valid by the short bed length employed) of the course of desorption followed during the desorption process. At the above three lowest flow rates, the superimposition of the curves reflected the typical behaviour of an equilibrium-limited desorption process. At a particular loading, it is impossible for the concentration of fluid in equilibrium with a given area of adsorbent surface to exceed the concentration predicted by the corresponding adsorption isotherm. This suggests that, at the lowest flow rates studied, the desorption of DDT was limited by equilibrium considerations, whilst at higher flow rates other mass-transfer mechanisms, i.e. ones involving an external film, were most significant. This would explain why only local equilibrium theory is capable of predicting the desorption data accurately.
Equilibrium was not achieved at the highest flow rate, i.e. the effluent concentrations at each average loading were below the equilibrium concentrations. This behaviour indicated the presence of a mass-transfer resistance which was probably due to intraparticle diffusion or to external film resistance. Instead of a mass-transfer film resistance at the lower flow rates, desorption under these conditions was constrained by the equilibrium state and therefore the effluent concentration was effectively fixed. Desorption at lower flow rates was primarily influenced by adsorption equilibrium constraints rather than mass-transfer limitations.
The results obtained by Srinivasan et al. (1990) exhibited similar trends. These workers noted that the concentration of ethyl acetate desorbed from activated carbon increased steeply and then decreased gradually. Ethyl acetate could be desorbed almost completely within 150 min at flow rates in the range 100 to 350 cm 3 /min (P = 10.8 MPa, T = 318 K, particle diameter = 0.77 mm). At lower flow rates (40 cm 3 /min), ethyl acetate desorption was incomplete. The authors suggested that the cause of such incomplete desorption at lower flow rates was film-transfer resistance. On the basis of the results of Tan and Liou (1988), Recasens et al. (1989) suggested that external mass transfer also affected the rate of desorption at small flow rates. However, it should be noted that Tan and Liou carried out their regeneration studies under different conditions from those employed by Srinivasan and co-workers. Srinivasan et al. (1990) also observed that the extent of desorption increased with decreasing particle diameter, with internal diffusion resistance appearing to be particularly significant for adsorbent particles of the largest diameter.
LOCAL EQUILIBRIUM THEORY OF FIXED-BED DESORPTION
The differential mass balance equations for an element of the adsorption column and for an adsorbent particle within such an element provide the starting point for the development of a mathematical model for describing the dynamic behaviour of a given system. Due to laminar liquid flow and a stagnant film at the bed surface, the composition of the extraction solvent around the adsorbent particles in the bed of the regeneration zone is believed to be quite different from that of the main stream of solvent over the bed. Let us consider a cylindrical volume element of the activated carbon bed as sketched in Figure 4 , through which a stream of a supercritical fluid containing a concentration c = c(z,t) of an adsorbate is flowing. If the pattern flow can be represented as axially dispersed piston flow, the differential fluid phase mass balance may be written as: The mass balance for an adsorbent particle yields the adsorption rate expression which may be written as:
DeFilippi et al. (1980) , Madras et al. (1993) and Tan and Liou (1989b) have used the equilibrium theory to describe supercritical adsorption processes, assuming that the mass-transfer resistances are negligible. The desorption profile is a function of the adsorption equilibrium relationship, being applied to isothermal, fixed-bed, piston flow desorption in this case. The so-called local equilibrium exists at all points and at all times between the particles and the adjacent SCF. In the local equilibrium theory, the material balance between the concentration of the dissolved adsorbate in supercritical CO 2 and the concentration on the adsorbent surface during the course of the desorption process is given by the following relationship (DeFilippi et al. 1980; McHugh and Krukonis 1986 ): e( ¶c/ ¶t) z + r B ( ¶a/ ¶t) z + en( ¶c/ ¶z) t = 0 (7) which is the reduced form of equation (5).
Longitudinal diffusion along the axis of the adsorber is neglected and piston flow is assumed for the fluid. To solve equation (7), another equation should be introduced representing the behaviour of the adsorbent:
Equation (8) expresses the rate of addition of solute to the solid phase in terms of the interphase mass-transfer coefficient. Equations (7) and (8) can be solved simultaneously to obtain the function c(z,t) which is the concentration of adsorbate in the supercritical fluid phase at any position z within the adsorbent bed as a function of time [e.g. the effluent concentration curve is c(L,t) = f(L,t)].
In the general case, two types of mass-transfer resistances should be considered in developing equation (8): diffusion of adsorbate out of SC CO 2 -filled pores and interfacial mass transfer from the external surface of the activated carbon particle into the bulk of the SCF phase (DeFilippi et al. 1980) . One of the advantages of supercritical CO 2 as a regenerant is that mass transfer is relatively rapid within the SCF phase. In the limiting case where the resistance to mass transfer is negligible, equation (8) reduces to the equilibrium relationship between the adsorbate concentration on the adsorbent surface, a, and the bulk concentration in the SCF phase, c, as expressed by the adsorption isotherm expression a = f(c).
By differentiating the adsorption isotherm equation with respect to time, the following dependence may be obtained: (10) can be obtained from the relevant adsorption isotherm expression. After integration, the equation describing the desorption profile, i.e. the velocity with which the disturbance (concentration wave) propagates through the adsorbent bed in the column, is given by:
This equation has the form of a kinematic wave equation. The characteristic velocities can be estimated more directly by analyzing the column profiles during the regeneration process: a/a 0 = f(z/L; t/t 1 )
DeFilippi et al. (1980) have summarized some column profiles (see Figure 5 ) as plots of the coverage versus distance down the adsorbent bed in a column at various times during the regeneration process. Each curve presented provides a cross-sectional 'snap-shot' of the adsorbate remaining on the adsorbent bed at a particular time. At t = 0, a/a 0 = 1 for z, where a 0 is the initial loading. At some time t 1 , adsorbate has been removed from the adsorbent near the bed entrance, but near the outlet the bed is still loaded with adsorbate at the initial value a 0 . At 10t 1 , a larger region near the entrance to the adsorbent bed has been fully regenerated, while the concentration near the outlet has been reduced to a/a 0 » 0.83 (a/a 0 is the fraction of the adsorbent surface covered by adsorbed molecules). At 180t 1 , ca. 0.76 of the adsorbent bed has been fully regenerated (0.76 < z/L < 1.0). The regeneration process is complete at t = 237t 1 . A horizontal line through a/a 0 = 0.363 has been drawn in Figure 5 . The corresponding values for this line are as follows: t/t 1 = 10 and z/L = 0.10, t/t 1 = 60 and z/L = 0.60 and so on (DeFilippi et al. 1980) . This level of coverage moves through the column at a constant velocity z/t = 0.01L/t 1 (L and t 1 are constants determined by the nature of the adsorbent and adsorbate). A similar analysis at a/a 0 = 0 showed that the velocity of the fully regenerated 'wave' was 0.0042L/t 1 .
Although Figure 5 is plotted in terms of the coverage profile, a/a 0 , it could just as easily have been plotted to give the profile of the adsorbate in the extraction solvent, c/c 0 , because the adsorbate concentration in supercritical CO 2 and the coverages are directly coupled by the adsorption isotherm expression a = f(c). Thus, it is possible to calculate the values of c/c 0 for every value of a/a 0 . In general, higher values of c (or of a) move through the column more rapidly than lower concentrations. The analytical relationship between the concentration wave velocity and the adsorbate concentration is given by equation (11) for the local equilibrium theory model. The term d[f(c)]/dc increases as c decreases, so that w(c) decreases as c decreases.
The desorption curve arises from the change in the adsorbate concentration in the effluent as a function of time, c(L,t). It can be obtained indirectly from the adsorbent bed profile by noting the value of a at the outlet (z/L = 1) as a function of time and then recalculating a to c using the adsorption isotherm expression.
If the slope of the adsorption isotherm is constant for all solute concentrations (usually at low concentrations), the desorption profile predicted by the local equilibrium theory is perfect. However, for a non-linear isotherm, a more rigorous model involving the effects of mass transfer, axial dispersion and effective diffusivities is needed. et al. (1980) have estimated the daily cost of supercritical regeneration of activated carbon spent with phenol for a pilot plant. The plant was designed on the basis of the steady-state granulated activated carbon capacity. The estimated operating cost was ca. $0.17 (1980 values) per kilogram of regenerated activated carbon.
COSTS OF SUPERCRITICAL REGENERATION OF ADSORBENTS

DeFilippi
A similar estimation was carried out by Tomasko et al. (1993) on a pilot plant consisting of a three-element desorber with two-stage flash separation at a yield of 24 tonne adsorbent per day. After optimizing the process by minimizing the cost of recycling supercritical CO 2 through an efficient recompression scheme and employing a cycle configuration in the desorber unit, the processing cost was found to be ca. $0.23 (1993 values) per kilogram of activated carbon.
The cost of the supercritical regeneration process therefore compares favourably with thermal regeneration, the alternative chosen most frequently, but has the distinct advantage of maintaining a stable adsorbate capacity (Tomasko et al. 1993 ). This multi-stage regenerative use cuts the costs of activated carbon replacement and avoids the use of landfill for the spent material.
SUMMARY AND CONCLUSIONS
1. The regeneration efficiency of adsorbents is determined by two competing effects: solvation and adsorption. Solvation is dictated by thermodynamic equilibrium considerations and can be estimated by using equation of state models for adsorbent-SCF phase equilibria. 2. The cross-over effect for desorption (i.e. desorption decreasing with increasing temperature)
is usually observed during the SCF regeneration of activated carbons. The related cross-over effect is well known for the equilibrium solubility of the adsorbate (i.e. the solubility decreases with increasing temperature). 3. Supercritical fluid technologies would be better served if all scientists discussed the results of experiments in terms of density rather than pressure. The density of the extraction solvent in the liquid, sub-and super-critical states has a decisive influence on the regeneration efficiency. 4. The apparent activation energy for desorption decreases with increasing density of supercritical CO 2 . A higher density may enhance the solubility of an adsorbate in an SCF, but a higher viscosity may have an adverse effect on the diffusion rate. 5. The magnitude of the adsorbate loading lends credence to the assumption that adsorptionequilibrium limitations are responsible for the shape of the desorption curve and that the solubility of the adsorbate in supercritical CO 2 does not represent the limiting step in the regeneration process. 6. A relatively higher extent of desorption can be obtained with liquid CO 2 rather than with supercritical CO 2 . 7. Regeneration processes carried out with liquid, sub-and super-critical CO 2 behave similarly. 8. Increasing the flow rate of the regenerating fluid causes a decrease in the length of time required for desorption. 9. The ease of regeneration of activated carbons loaded with t-butylbenzene with supercritical CO 2 decreases with an increase in the micropore structure of the adsorbent because of the decreasing ability of the SCF to penetrate the particle structure. 10. The extent of SCF desorption increases with decreasing adsorbent particle size. 11. The presence of water on the surface of the activated carbon slightly diminishes the efficiency of regeneration. 12. The rate of mass transfer, the axial dispersion and diffusion into the micropores are engineering parameters which must be taken into consideration in designing a regeneration system. Prediction of the solvent behaviour of compressed gases is limited because of the sparsity (and sometimes the complete lack!) of suitable scientific data. 13. The desorption profiles predicted by the local equilibrium theory are only perfect for adsorption systems which are characterized by a linear adsorption isotherm. Where a non-linear adsorption isotherm exists, a more rigorous extraction model involving the effects of mass transfer, axial dispersion and effective diffusivities must be applied. 14. The cost of regenerating 1 kg of spent activated carbon using supercritical CO 2 is ca. $0.23 under continuous process conditions. The properties of the adsorbate (contaminant) influence the economics of SCF regeneration more strongly than the adsorbent properties.
NOMENCLATURE
a and b constants in equation (4) a adsorbate concentration on the adsorbent surface a 0 , a adsorbate concentration on the adsorbent surface before and after beginning a regeneration process b equilibrium adsorption coefficient c adsorbate concentration in the supercritical fluid phase D diffusion coefficient (cm 2 /min) E app apparent heat of adsorption (kJ/mol) E des apparent activation energy for desorption (kJ/mol) E real real activation energy of desorption (kJ/mol) DH a standard molar heat of adsorption (kJ/mol) k general mass-transfer coefficient [mol/(cm 2 min)] k A Arrhenius equation constant k C van't Hoff isochore constant k f mass-transfer coefficient for fluid phase (cm/min) L bed length P pressure R universal gas constant s i interfacial area of adsorbent per unit bed volume T measurement temperature t time or total regeneration time of adsorbent bed (min) L ì r B d[f(c)] ü t = -í 1 + -------ý (13) n î e dc þ t 1 regeneration time of adsorbent fraction dz near bed entrance V molar volume (dm 3 /mol) V c molar volume at the critical point W 0 micropore volume (cm 3 /g) z axial distance along bed
Greek symbols f(c,a) general driving force e void space fraction in packed bed r density of extraction solvent (g/cm 3 ) r B bulk density (mass of adsorbent per volume of bed) (g/cm 3 ) q coverage of adsorbent surface with adsorbate n velocity of fluid in bed interstices (note that en is the superficial fluid velocity) (cm/min) Subscripts z axial distance along bed T temperature t time c critical
APPENDIX
To compute the values of two partial derivatives ( ¶c/ ¶t) z and ( ¶c/ ¶z) t , it is necessary to solve the determinants for the following equations: 
